Pseudomonas aeruginosa possesses at least two multiple drug efflux systems which are defined by the outer membrane proteins OprM and OprJ. We have found that mutants overexpressing OprM were two-and eightfold more resistant than their wild-type parent to sulfamethoxazole (SMX) and trimethoprim (TMP), respectively. For OprJ-overproducing strains, MICs of TMP increased fourfold but those of SMX were unchanged. Strains overexpressing OprM, but not those overexpressing OprJ, became hypersusceptible to TMP and SMX when oprM was inactivated. The wild-type antibiotic profile could be restored in an oprM mutant by transcomplementation with the cloned oprM gene. These results demonstrate that the mexABoprM multidrug efflux system is mainly responsible for the intrinsic resistance of P. aeruginosa to TMP and SMX.
pBR322, yielding plasmid pOMC1. A 3.2-kbp PstI-EcoRV fragment containing the entire oprM coding region was inserted into the broad-host-range vector pMMB208 cleaved with PstI and SmaI, yielding plasmid pOMF6. This plasmid and the corresponding cloning vector pMMB208 were introduced separately into the oprM mutant. Transformants were selected on Luria-Bertani medium containing 60 g of chloramphenicol per ml.
MIC determination. Susceptibility to antimicrobial agents was assayed in Mueller-Hinton broth by the microdilution method (25) .
Dihydrofolate reductase (DHFR) activity. Cell extracts of P. aeruginosa 4098, 4098T, and 4098E were prepared from 100-ml overnight cultures. The cells were centrifuged and resuspended in 2 ml of 100 mM Tris (pH 8.0) containing 2 mM EDTA, 1 M sucrose, and 0.1 mg of lysozyme per ml; 4 ml of ice-cold water was added, and the cell suspension was slightly agitated on ice for 20 min. The suspension was sonicated three times for 20 s each at 70 W in a Branson sonicator, MgCl 2 was added to a 5 mM final concentration, and the membrane fraction was removed by centrifugation at 200,000 ϫ g for 1 h at 4ЊC.
DHFR activity was measured as described by Bacanari and Joyner (1) in 25 mM potassium glutamate buffer with 1 mM dithiothreitol (pH 7.4) at 25ЊC, in the presence of 10 M NADPH and 4 M dihydrofolate. The enzyme and cofactor were premixed in a volume of 0.9 ml and incubated at 25ЊC for 2 min. Subsequently, 100 l of substrate dilution was added and cofactor oxidation was monitored at 340 nm in a Kontron 340 spectrophotometer. Enzyme activities were calculated by using a molar extinction coefficient of 12.3 ϫ 10 3 cm Ϫ1 for the reaction (1) .
The 50% inhibitory concentration of TMP was determined in a protein fraction enriched in DHFR obtained by precipitation of the cell extract with 30 to 80% ammonium sulfate, adsorption on methotrexate agarose, and then elution with a 100 mM potassium borate buffer (pH 9.0) containing 2 mM EDTA, 2 mM dithiothreitol, and 5 mM folate. The partially purified enzyme preparation was extensively dialyzed against a solution containing 10 mM Tris (pH 8.0), 1 mM EDTA, and 2 mM dithiothreitol. The 50% inhibitory concentration of TMP was determined as described above, the inhibitor being added to the substrate dilution. The residual enzyme activity was measured as a function of inhibitor concentration, and the 50% inhibitory concentration was determined by interpolation.
Outer membrane preparations and Western blotting (immunoblotting). Outer membranes were prepared from exponentially grown cells in Luria-Bertani medium as described previously (16) . Outer membrane proteins were analyzed by electrophoresis with a Protean II slab electrophoresis cell (Bio-Rad Laboratories, Richmond, Calif.) and either stained with Coomassie blue solution or electrotransferred onto nitrocellulose membranes. After being blocked with 10% skim milk, the membranes were hybridized with the murine monoclonal immunoglobulin M antibody TM002 directed against OprM and were developed with peroxidase conjugated to an anti-mouse antibody.
RESULTS AND DISCUSSION
MICs. Relative to that of the wild-type strain, resistance to TMP, but not to SMX, increased eightfold in the OprM-over-expressing strains and fourfold in the OprJ-overexpressing strains (Table 2) . While OprM-deficient derivatives of wildtype strains and of OprM-overexpressing strains were 25-fold more susceptible to TMP and SMX than were wild-type strains, the resistance to these antibiotics was not affected in OprM-deficient derivatives of the OprJ-overexpressing strains ( Table 2) .
Determination of DHFR activity. In wild-type strain 4098, the oprM mutant 4098T, and the OprM overproducer 4098E, the mean specific activities of DHFR Ϯ standard errors of the means were 4.7 Ϯ 1.2, 3.1 Ϯ 1.0, and 1.9 Ϯ 0.6 mol/min/mg of protein, respectively, and the mean TMP concentrations which reduced the enzyme activity in vitro to 50% were 0.041 Ϯ 0.004, 0.046 Ϯ 0.005, and 0.042 Ϯ 0.004 M, respectively.
Complementation analysis. We next cloned a DNA fragment containing the oprM gene of P. aeruginosa as described in Materials and Methods and used this clone, designated pOMF6, to complement OprM-deficient strain 4098T. A protein expressed from this construct hybridized with a monoclonal OprM antibody and showed an electrophoretic mobility identical to that of the chromosomally expressed OprM protein in the wild-type strain. The protein levels obtained with plasmid pOMF6 were comparable to those of the wild type but were lower than those of the multidrug-resistant (MDR) strain (data not shown). The cloned oprM gene restored wild-type levels of resistance to TMP and SMX as well as to norfloxacin, which was included as an additional control (Table 2) .
Recently (16) we have classified six MDR strains of P. aeruginosa into two groups on the basis of genetic and phenotypic characterization. Members of the first group, strains 4098E, OCR03, and TETR, overexpressed the outer membrane protein OprM, resulting in increased resistance to quinolones, tetracycline, chloramphenicol, and ␤-lactams. The second group was composed of the OprK-overexpressing strains K385 and ERYR and the OprJ-overexpressing strain OR01. As suggested previously (16), OprK and OprJ are the same protein (21) . This group was characterized by increased resis- We show here that the broad-specificity efflux system encoded by the mexABoprM operon (11, 22) plays a major role in the intrinsic resistance of P. aeruginosa to both TMP and SMX. This can be concluded from the following observations: (i) mutants deficient in the outer membrane protein OprM were hypersusceptible; (ii) transcomplementation with the cloned oprM gene restored the wild-type antibiotic phenotype; and (iii) the expression and affinity of DHFR, the target enzyme of TMP, for the wild-type strain were comparable to those for the OprM-overproducing and OprM-deficient strains. Interestingly, both TMP and SMX were also substrates of the multidrug efflux system encoded by the mexCDoprJ operon (21), since mutation of the oprM gene in OprJ-overexpressing strains did not affect their resistance phenotype.
P. aeruginosa mutants overexpressing efflux operons have been selected by various agents, including quinolones, tetracycline, erythromycin, and the iron chelator dipyridyl (Table 1) . We have also generated mutants of PAO1 by selection for resistance to TMP (unpublished results). Interestingly, these mutants did not show an MDR profile, suggesting that TMP does not preferentially select an MDR phenotype in P. aeruginosa.
Efflux-mediated resistance to TMP might also be relevant in other bacterial species. Recently, George et al. (6) cloned a DNA fragment from Klebsiella pneumoniae containing the ramA locus, which is involved in multiple antibiotic resistance. A susceptible E. coli laboratory strain harboring the ramA gene showed increased resistance to nine structurally unrelated antibiotics, including tetracycline, chloramphenicol, norfloxacin, puromycin, and TMP. RamA shows weak homology to MarA (4), a transcriptional activator also involved in regulation of the multidrug efflux operon acrAB of E. coli (20) . However, in a K. pneumoniae ramA mutant and in an E. coli mar mutant, the levels of the major porin OmpF were significantly decreased, suggesting that reduced antibiotic influx might contribute to TMP resistance in these organisms.
More recently, Burns et al. (3) have identified in Burkholderia cepacia an outer membrane protein gene, OpcM, which has significant homology to OprM of P. aeruginosa. A strain from which the DNA region comprising opcM has been deleted was hypersusceptible to TMP, chloramphenicol, and ciprofloxacin.
These findings support the current hypothesis that antibiotic efflux (9, 12, 19 ) plays a major role in the MDR phenotype of a number of clinically relevant bacterial pathogens.
